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Introduction

Elastic cartilage is a specialized connective tissue sur-
rounded by perichondrium and characterized by the pres-
ence of chondrocytes immersed in an extracellular matrix 
(ECM) rich in elastic fibers and proteoglycans (Mills 
2012). The three-dimensional organization of ECM mol-
ecules confers to the elastic cartilage its characteristic elas-
ticity, flexibility and resistance to tensile and compression 
forces (Wu and Herzog 2002; Gaut and Sugaya 2015). In 
the human body, elastic cartilage is relatively abundant and 
can be found in the external part of the ear, external ear 
canal, Eustachian tube and larynx (epiglottis, Santorini’s 
cartilage and Wrisberg cartilage) (Mills 2012).

Organs with elastic cartilage can be affected by neo-
plasms, traumatic injuries and congenital abnormalities, 
with functional and esthetic consequences for the patients. 
Unfortunately, elastic cartilage has a limited capacity to 
regenerate, and plastic and reconstructive surgical treat-
ment is still challenging (Kuo et al. 2015; Hsiao et al. 
2010). In external ear reconstruction, the standard surgi-
cal procedure consists of the use of autologous rib hyaline 
cartilage covered by a temporoparietal flap and skin graft 
(Brent 1999). This strategy is entirely autologous, with low 
risks of infections and good integration. However, autolo-
gous material is not always available, or may be insuffi-
cient. In addition, this method is technique-dependent and 
these procedures may cause donor-site morbidity or other 
clinical complications. Therefore, an effective treatment for 
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the reconstruction of tissues and organs composed of elas-
tic cartilage is still needed (Chang et al. 2003).

Tissue engineering offers the possibility to generate dif-
ferent kinds of tissues or organs by using cells, biomaterials 
and growth factors (Carriel et al. 2012, 2014a; Garzon et al. 
2012a; Silva et al. 2013). In recent years, several biomateri-
als have been used in cartilage tissue engineering, and it is 
currently accepted that these biomaterials should be biode-
gradable, biocompatible, nontoxic and mechanically stable 
(Nayyer et al. 2012). In addition, these biomaterials should 
allow chondrocytes to proliferate, migrate, differentiate and 
finally become integrated in vivo (Nayyer et al. 2012). Syn-
thetic polymers have been used successfully to culture dif-
ferent kinds of chondrocytes (Oliveira et al. 2007; Oliveira 
and Reis 2011; Silva et al. 2013; Gaut and Sugaya 2015; Li 
and Hu 2015; Tsai et al. 2015). However, they are not bio-
mimetic, are usually hydrophobic, have a long-term deg-
radation period, and may release toxic metabolites; these 
drawbacks can hinder new cartilage regeneration (Nayyer 
et al. 2012; Li and Hu 2015; Liao et al. 2015).

Unfortunately, ideal biomaterials do not exist, and it is 
necessary to find suitable biomaterials for the generation 
of elastic cartilage substitutes. In this connection, a natu-
ral, biodegradable biomaterial called fibrin-agarose hydro-
gel (FAH) has emerged as a possible scaffold for cartilage 
tissue engineering. FAH have been used successfully to 
generate different three-dimensional tissue models with 
promising results (Alaminos et al. 2006; Carriel et al. 2012, 
2014c, 2015; Garzon et al. 2014b; San Martin et al. 2013). 
Additionally, the fiber density and biomechanical proper-
ties of FAH can be regulated by using nanostructuration 
technique (Scionti et al. 2014; Carriel et al. 2015). These 
nanostructured FAH (NFAH) supported cells proliferation, 
migration and the synthesis of different ECM in engineered 
tissues ex vivo (Carriel et al. 2015; Ionescu et al. 2011). 
Based on the positive results obtained with NFAH in tis-
sue engineering, the aims of this study were to evaluate the 
possibility of encapsulating human elastic cartilage-derived 
chondrocytes (HECDC) in NFAH for elastic cartilage tis-
sue engineering, and to evaluate the capability of NFAH to 
support chondrocyte viability, proliferation and extracellu-
lar matrix synthesis.

Materials and methods

Cell culture and Live/Dead® cell viability assay

HECDC used in this study were obtained from small elastic 
cartilage biopsies from healthy young donors who under-
went minor ear surgery. Once in the laboratory, biopsies 
were divided into two pieces, one for cell isolation and 
another used as a native control for histological analyses. 

Chondrocytes were isolated according to previously 
described protocols (Garzon et al. 2012a). Briefly, tissue 
samples were mechanically fragmented and then digested 
overnight in 2 mg/mL Clostridium histolyticum type II 
collagenase (Gibco BRL Life Sciences Technologies) at 
37 °C. Approximately 5 × 105 HECDC were initially har-
vested by centrifugation and cultured with an expansion 
medium (EM) composed of a 3:1 mixture of DMEM and 
Ham’s F12 culture medium supplemented with 10 % fetal 
bovine serum, 1 % antibiotic and an antimycotic cocktail 
solution (100 U/mL penicillin G, 100 mg/mL streptomy-
cin and 0.25 mg/mL amphotericin B), 24 µg/mL adenine, 
0.4 µg/mL hydrocortisone, 5 µg/mL insulin, 1.3 ng/mL trii-
odothyronine and 8 ng/mL cholera toxin (all from Sigma-
Aldrich). The culture medium was replaced every 3 days, 
and HECDC were expanded until passage 10. This research 
project and the procedures were approved by the Ethic 
Committee of the Andalusian Public Health System in Gra-
nada (SAS PI-0653-2013).

In order to obtain an overall view of time-dependent 
cell viability, and to select viable cells for encapsulation 
in NFAH, HECDC cells from passages 1 to 10 were ana-
lyzed with the Live/Dead® cell viability assay (Viability/
Cytotoxicity kit; Molecular Probes, UK) according to the 
manufacturer’s guidelines and previous recommendations 
(Garzon et al. 2012a, b; Martin-Piedra et al. 2013, 2014). 
Briefly, cell viability was analyzed in triplicate by using 
three chamber slides (four chambers each) for each pas-
sage. Cells were seeded at 5 × 103 in each chamber and 
kept in culture for 48 h. After that, cells were rinsed with 
phosphate-buffered solution (PBS) and incubated with 
200 µL Live/Dead solution for 30 min. Then cells were 
rinsed in PBS and examined in a Nikon Eclipse 90i fluo-
rescence microscope. A total of ten images were obtained 
from each cell passage (n = 30 in each). Images were 
analyzed with the “analyze particles” function (particle 
size = 0−500 pixels2) with ImageJ software (National 
Institute of Health, USA) as previously described (Carriel 
et al. 2015; Martin-Piedra et al. 2014).

In this study, HECDC from passage 2 were chosen for 
encapsulation in FAH based on well-known recommenda-
tions (Barbero et al. 2004; Hayes et al. 2007; Kessler and 
Grande 2008; Pappa et al. 2014) regarding the use of viable 
cells from early passages in order to avoid ex vivo chondro-
cyte dedifferentiation.

Encapsulation of HECDC in NFAH

FAH were prepared according to previously standard-
ized protocols (Alaminos et al. 2006; Carriel et al. 2012, 
2013, 2015). Briefly, to prepare a final volume of 60 mL 
FAH, we mixed 45.6 mL human plasma and 4.5 mL 
EM containing HECDC from passage 2. Then 900 µL 
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Amchafibrin (tranexamic acid; Fides-Ecofarma, Valencia, 
Spain) was added to prevent fibrinolysis. This solution 
was mixed and then 6 mL 2 % CaCl2 and 3 mL type VII 
agarose (Sigma-Aldrich) were added and carefully mixed, 
and the resulting mixture was distributed in 6-well cell 
culture clusters (5 mL per well) and kept at 37 °C until 
complete gelation. As a result, we obtained cellular con-
structs 3 cm in diameter and 0.5 cm thick with 0.1 % of 
agarose, which were kept in culture for 24 h. In this study, 
two experimental groups were used based on cell den-
sity, and both were evaluated in triplicate. In experimen-
tal group A, 4.5 × 103 HECDC/mL were encapsulated, 
whereas in experimental group B, 45 × 103 HECDC/mL 
were used.

To fabricate NFAH, the cellular constructs were nano-
structured according to recently described procedures (Car-
riel et al. 2015; Ionescu et al. 2011; Scionti et al. 2014). 
Briefly, cellular constructs were carefully removed from the 
culture flask, placed between two nylon filter membranes 
(0.22 µm; Merck–Millipore) and compressed between 
two pieces of Whatman filter paper. We applied mechani-
cal pressure at 500 g for 2.5 min to obtain cellular NFAH 
constructs. In order to elucidate the chondrogenic potential 
of our NFAH and promote HECDC proliferation, the con-
structs were kept in culture conditions with only EM, but 
without any chondrogenic factors. The EM was replaced 
every 3 days. Samples were harvested in triplicate for his-
tological analyses after 1, 2, 3, 4 and 5 weeks of ex vivo 
culture.

Histological evaluation

Native elastic cartilage (control group) and NFAH con-
structs were rinsed in PBS, fixed in 10 % buffered formalin, 
dehydrated, cleared, embedded in paraffin and sectioned at 
5 µm thickness. Histological analysis was done with hema-
toxylin and eosin (H&E) staining. In addition, specific cel-
lular and extracellular components were detected with his-
tochemical or immunohistochemical methods.

The chondrogenic and mesenchymal lineage of HECDC 
was verified by the immunohistochemical identification 
of S-100 protein and vimentin, respectively (Carriel et al. 
2014b; Yammani 2012). HECDC proliferation was verified 
by the immunohistochemical identification of proliferat-
ing cell nuclear antigen (PCNA) as previously described 
(Carriel et al. 2015; Rodriguez et al. 2013). Active actin 
cytoskeletal remodeling (associated with lamellipodia for-
mation and cell migration) was evaluated by the identifi-
cation of cortactin (cortical actin binding protein; Carriel 
et al. 2015; Ren et al. 2009). Finally, mitochondria were 
identified by using a monoclonal antibody against the sur-
face of intact human mitochondria (Martinez-Outschoorn 
et al. 2012).

Synthesis of elastic fibers by the HECDC was histo-
chemically analyzed with orcein staining (Alfonso-Rodri-
guez et al. 2014), and the synthesis of collagen type I and 
II was identified by immunohistochemistry. Proteoglycan 
deposition was assessed with an alcian blue histochemi-
cal method (Carriel et al. 2012; Oliveira et al. 2013; Car-
riel et al. 2015), and aggrecan, biglycan and versican were 
identified by immunohistochemistry. For each immunohis-
tochemical reaction, negative controls were used by omit-
ting the primary antibody. Native human elastic cartilage 
was used as a positive control group. 3,3′-Diaminobenzi-
dine (DAB) was used for each immunohistochemical assay 
except for mitochondria, in which case DAB was used 
with nickel (gray-blue reaction). These procedures were 
performed at the same time under the same conditions to 
ensure reproducibility of the results. All technical informa-
tion related to the antibodies used here is summarized in 
Table 1.

Quantitative and statistical analyses

The cell proliferation index was determined as the percent-
age of proliferative cells in each group, as described previ-
ously (Carriel et al. 2015). Briefly, three images were taken 
from three different slides at 400× magnification (area of 
6 × 104 µm2) and the number of PCNA-positive cells was 
calculated and expressed as a percentage.

For statistical analyses, we first analyzed the normality 
of cell viability and cell proliferation index values with the 
Shapiro–Wilk statistical test. Because the values were non-
normally distributed, we used the Mann–Whitney nonpara-
metric test to compare the values for cell viability (between 
the passages 1–10) and cell proliferation index (in each 
group and between the two experimental groups).

The results for each variable were expressed as the mean 
and standard deviation (SD), and all data were analyzed 
with SPSS 16.00 software. A value of p < 0.05 was consid-
ered statistically significant in two-tailed tests.

For the semiquantitative analysis of ECM molecules as 
determined by histochemistry and immunohistochemistry, 
three independent histologists evaluated each sample and 
scored the positive reactions as strong (+++), mild (++), 
slight (+), very slight (±) or negative (–), as previously 
described (Garzon et al. 2009, 2014a).

Results

Cell culture and cell viability in two dimensions

HECDC were successfully isolated with collagenase and 
expanded ex vivo with EM. These cells showed a polygo-
nal morphology over time (from passage 1–10), which was 
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Table 1  Antibodies used for the immunohistochemical analysis

Antibodies Dilution/
incubation

Pretreatment Reference

Rabbit anti-S100 polyclonal 1:400
60 min

Citrate buffer pH 6
25 min at 95 °C

Dako Cytomation, Glostrup, Denmark. Product 
number: Z0311

Mouse anti-vimentin monoclonal clone V9 1:200
60 min

Citrate buffer pH 6
25 min at 95 °C

Sigma-Aldrich. St.Louis, MO.USA Product  
number: V6630

Mouse anti-PCNA monoclonal clone PC10 1:1000
60 min

Citrate buffer pH 6
25 min at 95 °C

Sigma-Aldrich St.Louis, MO.USA. Product  
number: P8825

Rabbit anti-cortactin monoclonal EP1922Y 1:100
60 min

EDTA buffer pH 8
25 min at 95 °C

ABCAM Cambridge UK. Product number: ab81208

Mouse anti mitochondria monoclonal clone 113-1 1:80
60 min

EDTA buffer pH 8
25 min at 95 °C

EMD Millipore, Darmstadt Germany Product  
number: MAB1273

Rabbit anti-collagen I. polyclonal 1:500
90 min

Pepsin 10 min 37 °C Acris antibodies. Germany Product number: R1038

Rabbit anti-collagen II. polyclonal 1:250
Overnight 4 °C

Buffer EDTA pH 8
25 min at 95 °C

EMD Millipore. Billerica, Massachusetts.USA. 
Product number: AB2036

Mouse anti human aggrecan monoclonal. 1:250
60 min

Chondroitinase ABC
60 min 37 °C

AbD Serotec (Bio-Rad) Product number: MCA4722

Rabbit anti-biglycan polyclonal 1:100
60 min

Citrate buffer pH 6
25 min at 95 °C

ABCAM Cambridge UK. Product number: ab49701

Rabbit anti-versican polyclonal 1:100
Overnight 4 °C

Chondroitinase ABC
60 min 37 °C

ABCAM Cambridge UK. Product number: ab19345

Ph. Ph. Orcein

Live/Dead ® assay

50µm

50µm 50µm 50µm

25µm 25µm

P 1 P 5 P 10

Passage 1 2 3 4 5 6 7 8 9 10

Mean 97.22 98.50 98.18 98.38 96.06 96.68 96.87 99.53 95.77 98.45

SD 1.96 0.48 0.97 1.09 2.62 1.72 2.30 0.41 1.97 0.70

Fig. 1  Morphological features and cell viability of HECDC. Phase 
contrast microscopy (Ph) and orcein histochemical staining of elas-
tic fibers (brown reaction). Representative images of Live/Dead® cell 

viability assay (passages 1, 5 and 10) and mean ± standard deviation 
(SD) cell viability in each passage
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characterized by the presence of one or two large central 
nuclei, wide lamellipodia and some short filopodia (Fig. 1). 
In addition, these cells synthesized elastic fibers in two-
dimensional culture from passage 4 onward, which were 
histochemically identified by orcein staining (Fig. 1). The 
Live/Dead® cell viability assay showed high cell viability 
through all passages. Percentage cell viability ranged from 
95 % to 99 % with a mean of 97.57 ± 1.22 %, with maxi-
mum values in passages 8 (99.53 %) and 2 (98.50 %). The 
cell viability observed in passage 8 was significantly higher 
than in other passages (p < 0.05), followed by passage 2, 
which was significantly higher than passages 5, 6 and 9 
(p < 0.05) (see representative pictures and quantitative val-
ues in Fig. 1). In this study, HECDC from passage 2 were 
chosen for encapsulation in NFAH, since this was the earli-
est passage with high cell viability and therefore, the risk of 
dedifferentiation (often observed in late cell passages) was 
lower.

Histology, histochemistry and immunohistochemistry

H&E staining revealed that HECDC were successfully 
encapsulated in NFAH, and both cells and biomaterial fib-
ers showed a random distribution. In addition, we observed 
a steady increase in the number of HECDC with time in 
both experimental groups, especially in group B. In group 
A, this increase was especially evident during the first 
3 weeks, but less clear between weeks 4 and 5 of devel-
opment ex vivo. HECDC showed an irregular morphology 
(elongated to spheroid) and formed cell clusters (Fig. 2). 
Interestingly, from the second week onward, signs of bio-
material degradation were observed in both groups, which 
were more evident between and around the cluster-forming 
chondrocytes in group B (Fig. 2). When the chondrogenic 
and mesenchymal lineage of the HECDC was evaluated, 
immunohistochemical analyses revealed an intense positive 
reaction for S-100 protein and vimentin. The cytoplasmic 

1w 2w 3w 4w 5w Native control

S-100

Group-A

Group-B

VIM

Group-A

Group-B

Group-A

Group-B

H&E

Fig. 2  Hematoxylin-eosin staining, S-100 and vimentin (VIM) expression by HECDC in NFAH. Black arrows indicate signs of scaffold degra-
dation, and the circle shows a cell cluster. Scale bar 100 µm
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pattern of both proteins confirmed the irregular morphol-
ogy of the encapsulated HECDC (Fig. 2).

Analysis of cell proliferation with PCNA showed that 
HECDC were able to proliferate in both groups with time 
(Fig. 3). In addition, the cell proliferation index revealed 
slight differences in time and between the two experimen-
tal groups (Figs. 3, 4). In group A, quantitative analysis 
revealed that the cell proliferation index decreased sig-
nificantly (p < 0.05) from the first week (100 % positive 
cells) to the fifth week (86 % positive cells) of ex vivo 
development. Strikingly, the lowest cell proliferation index 
was observed in week 3 (59 % positive cells), but quantita-
tive analysis showed a steady and significant recovery of 
these values (p < 0.05) between the fourth and fifth weeks 
(Fig. 4). Similarly, in group B, a significant decrease in 
cell proliferation index was observed between the first 
and fifth week (p < 0.05), when this value reached 44 %. 
As found in group A, a slight increase in cell proliferation 
index occurred between the fourth and fifth weeks, but this 
increase was not statistically significant (p > 0.05; Fig. 4). 

When we compared cell proliferation index between the 
two experimental groups, higher values were observed in 
group A for all weeks. However, these differences were 
only significant for the first, fourth and fifth weeks of 
ex vivo development (Fig. 4). In native control, PCNA 
staining was weak (Fig. 3).

Cortactin immunohistochemical analysis showed a steady 
increase in the positive reaction in the cytoplasm of HECDC 
from the second week onward in both groups. Interestingly, 
the cytoplasmic pattern found ex vivo was comparable to the 
positive reaction in native control cartilage (Fig. 3).

Mitochondria analysis revealed that HECDC were able 
to generate and maintain these vital organelles from the 
second week in group A and from the first week in group 
B. In group B, a steady increase in the immunoreactions 
was observed, especially in cluster-forming chondrocytes. 
Surprisingly, the immunoreactivity for mitochondria was 
more abundant and intense in group B than in group A 
and the native control, in which this immunoreaction was 
weaker (Fig. 3).

2w 4w 5w Native control1w 3w

Group-A

PCNA

Group-B

CORT

Group-A

Group-B

MIT

Group-A

Group-B

Fig. 3  Immunohistochemical analyses of PCNA, cortactin and mitochondria expression by encapsulated HECDC. In mitochondria, DAB with 
nickel was used (gray-blue positive reaction). Scale bar 100 µm
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The capacity of HECDC in NFAH to synthesize ECM 
was analyzed qualitatively and semiquantitatively (Table 2) 
by histochemistry and immunohistochemistry. Orcein 

staining showed an intense reaction for elastic fibers in the 
native control. In group A, we observed very slight expres-
sion at 3 weeks. In contrast, cells in group B were able to 
synthesize elastic fibers from the first week, with an intense 
extracellular positive reaction around cluster-forming chon-
drocytes (Fig. 5). For collagen type I, the immunohisto-
chemical analysis revealed positive expression in the native 
control and in both experimental groups. In group A, colla-
gen type I was observed from the second week, and expres-
sion increased steadily with time, especially around cluster-
forming chondrocytes (Fig. 5). In group B, collagen type I 
expression started in the first week and was more abundant 
than in group A (Fig. 5). Regarding the expression pattern 
of collagen type I, both groups showed extracellular stain-
ing (Fig. 5, Table 2), but some cells also showed a posi-
tive reaction in the cytoplasm (data not shown). Collagen 
type II expression was positive in the native control and in 
both experimental groups, but the distribution and intensity 
of this protein were lower than for collagen type I in both 
experimental groups. Collagen type II expression started in 
week 2 ex vivo and was more abundant in group B than 
group A (Fig. 5; Table 2). In addition, expression was more 
intense and abundant around and between the cluster-form-
ing chondrocytes.

The histochemical evaluation of acid proteoglycans with 
alcian blue staining showed an intense and widely distributed 
positive reaction at the extracellular level in native control. 
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Fig. 4  Graphic representation of cell proliferation index in both 
experimental groups during ex vivo development. Note the decrease 
in mean values, which was followed by a steady increase in both 
experimental groups. α = Differences versus first week in each group 
were statistically significant. β = Differences versus the previous 
week in each group were statistically significant. γ = Differences 
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Table 2  Semiquantitative 
analysis of ECM molecules 
by histochemistry and 
immunohistochemistry

Positive reactions were scored as strong (+++), mild (++), slight (+), very slight (±) or negative (–)

Staining/groups 1 w 2w 3w 4w 5w Native CTR

Orcein

 A – – ± ± – +++
 B ++ +++ ++ + +

Collagen type I

 A – + +++ +++ +++ +++
 B ± +++ ++ + +++

Collagen type II

 A – – – ± + ++
 B – ++ + + +

Alcian blue

 A – – + – – +++
 B ± ± – ± –

Aggrecan

 A – – ++ – – ++
 B – ++ – – –

Biglycan

 A – + + ++ ++ +++
 B – ++ ++ ± +

Versican

 A – + + + ++ +
 B ± ++ + ± ±
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In the experimental groups, staining was slightly positive, 
especially in the cell clusters. However, we observed no dif-
ferences in the intensity of alcian blue staining between the 
two experimental groups (Fig. 6; Table 2). The immunohis-
tochemical analysis for aggrecan showed a positive reaction 
in the native control and in both experimental groups. In 
the experimental groups, the positive reaction for aggrecan 
was restricted to the intercellular matrix between cluster-
forming chondrocytes (Fig. 6; Table 2). Proteoglycan bigly-
can expression was also positive in the native control and 
in both experimental groups. Biglycan was first expressed 
from week 2 onward with a clear pericellular pattern in both 
experimental groups (Fig. 6; Table 2). We also evaluated the 
synthesis of the proteoglycan versican. In the native control, 
versican was seen mainly in the perichondrium and was less 
strongly expressed in mature chondrocytes. Versican was 
synthesized steadily from the first to the fifth week in group 
A. In group B, high levels of versican were observed in the 
first two weeks, but this proteoglycan tended to decrease 
with time (Fig. 6; Table 2).

Discussion

Here we isolated, selected and encapsulated HECDC in 
NFAH for its possible use in cartilage tissue engineering, 
and evaluated cell-biomaterial interactions during 5 weeks 
with histological techniques.

HECDC were successfully isolated with collagenase 
type II as previously described (Garzon et al. 2012a). 
The encapsulated chondrocytes showed a high percent-
age of cell viability (Live/Dead® cell viability assay) dur-
ing two-dimensional expansion (mean 97 % over 10 pas-
sages), with maximum values in passages 2 and 8. Our 
results are consistent with those of other authors in elastic 
cartilage-derived rabbit chondrocytes (Garcia-Lopez et al. 
2015) and human fibrochondrocytes (Garzon et al. 2012a). 
Chondrocytes are known to tend to dedifferentiate dur-
ing ex vivo expansion (Barbero et al. 2004; Garzon et al. 
2012a; Johnstone et al. 2013; Kessler and Grande 2008), 
and for this reason, earlier authors recommended the use 
of viable chondrocytes from earlier cell passages (Barbero 

2w 4w 5w Native control1w 3w

COLL I

Group-A

Group-B

Group-A 

Group-B

ORC

COLL II

Group-A

Group-B

Fig. 5  Histochemical and immunohistochemical analyses of ECM fibers synthesized by encapsulated HECDC. Arrows show the positive histo-
chemical reaction for elastic fibers with orcein (ORC). COLL I and COLL II show collagen type I and II, respectively. Scale bar 100 µm
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et al. 2004; Bhattacharjee et al. 2015; Hayes et al. 2007; 
Kessler and Grande 2008; Garzon et al. 2012a). Based on 
this information, we used highly viable HECDC from the 
second passage in this study for encapsulation in NFAH. 
The number of cells available at this passage was limited, 
but could be increased by using larger-sized elastic carti-
lage biopsies. Unfortunately, we did not evaluate the phe-
notype of HECDC in this study. Therefore, more studies 
are needed to characterize the dedifferentiation phenotype 

of elastic cartilage-derived chondrocytes for use in tissue 
engineering.

In recent years, different biomaterials have been studied 
for the culture, seeding or encapsulation of chondrocytes 
derived from elastic cartilage. In this context, synthetic bio-
materials such as polyglycolic acid (PGA), polycaprolac-
tone (PCL) or poly-l-lactic acid (PLLA), which offer well-
known biomechanical properties, have been studied most 
frequently (Kusuhara et al. 2009; Liu et al. 2010; Zhao 

1w 2w 3w 4w 5w Native control

Group-A

Group-B

AB 

BGN

Group-A

Group-B

Group-A

Group-B

VCAN

AGCN

Group-A

Group-B

Fig. 6  Histochemical and immunohistochemical analyses of proteo-
glycans synthesized by encapsulated HECDC. AB = alcian blue his-
tochemical staining for acid proteoglycans. AGCN, BGN and VCAN 

show the immunohistochemical identification of aggrecan, biglycan 
and versican, respectively. Scale bar 100 µm
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et al. 2015). However, their in vivo degradation can cre-
ate an adverse microenvironment which may cause chronic 
inflammation, tissue degradation and/or even tissue necro-
sis (Carriel et al. 2014a; Kusuhara et al. 2009; Liu et al. 
2010; Zhao et al. 2015). In this regard, the natural biomate-
rial FAH offers high biocompatibility and biodegradability 
and supports different cell functions such as proliferation, 
differentiation, migration and ECM synthesis ex vivo and 
in vivo (Alaminos et al. 2006; Carriel et al. 2012, 2013, 
2014c, 2015; Garzon et al. 2014b; San Martin et al. 2013). 
From the biomechanical point of view, FAH are considered 
a versatile biomaterial, and its biomechanical properties 
can be adjusted and tuned over a broad range by changing 
the hydration rate of the biomaterial with nanostructura-
tion techniques, modifying the agarose content, forming 
multilayered three-dimensional structures, and the incor-
poration of magnetic nanoparticles. Therefore, the biome-
chanical properties of these constructs may vary between 5 
and 460 kPa for Young’s modulus, 1–75 kPa for the elastic 
compression modulus, 4–3100 Pa for G value, 15–4750 Pa 
for G’ and 2–600 Pa for G’’ (Carriel et al. 2015; Ionescu 
et al. 2011; Lopez–Lopez et al. 2015; Rodriguez et al. 
2013; Rodriguez-Arco et al. 2016).

Our histological analyses demonstrate that encapsu-
lated HECDC in NFAH were able to proliferate, but lost 
their typical chondrocyte morphology and acquired an 
irregular and/or elongated shape. These findings are sup-
ported by other studies done under two-dimensional and 
three-dimensional culture conditions (Garcia-Lopez et al. 
2015; Garzon et al. 2012a; Yanaga et al. 2012; Zhao et al. 
2015). Morphological changes are a sign of dedifferentia-
tion, and can be explained by the absence of mechanical 
stimuli, the lack of a highly specialized ECM and the lack 
of a chondrogenic differentiation medium, which is often 
used to maintain chondrogenic differentiation and cell 
function (Garzon et al. 2012a; Yanaga et al. 2012). Despite 
its potential drawbacks, the use of an expansion medium in 
this study allowed us to determine the capability of NFAH 
to support cell growth, proliferation and ECM component 
synthesis. Future studies should be carried out with chon-
drogenic differentiation medium to analyze the differentia-
tion status of cells immersed in NFAH and their capacity to 
generate cartilage tissue-like substitutes. In addition, most 
cells in the NFAH biomaterial were unevenly distributed, 
but cells tended to form clusters with time. Uneven distri-
bution is a common finding in bioengineered tissues based 
on hydrogels such as collagen and fibrin-agarose scaffolds 
(Alaminos et al. 2006; Carriel et al. 2012, 2015; Cheema 
and Brown 2013; Garzon et al. 2014b).

In our study, although HECDC lost their typical mor-
phology, they expressed S-100 and vimentin, especially 
at higher cell densities (group B). S-100 is expressed by 
Schwann cells (Carriel et al. 2013, 2014b), melanocytes 

and chondrocytes (Yammani 2012). In cartilage, S-100 
can be found in different stages of chondrocyte maturation 
(Yammani 2012), especially in chondrocytes near damaged 
areas (Leonardi et al. 2000; Yammani 2012). Vimentin is a 
cytoskeletal intermediate filament of mesenchymal-derived 
cells and plays a structural role in chondrocytes (Mills 
2012). The presence of S-100 and vimentin in both native 
control and HECDC encapsulated in NFAH suggests that 
HECDC retained some level of chondrogenic and mesen-
chymal lineage differentiation in NFAH.

Regarding cell proliferation, quantitative PCNA analysis 
revealed that HECDC were able to proliferate with time, 
although proliferation slowed in the third week in group B 
and in the fourth week in group A. Thereafter, both groups 
showed increased cell proliferation, which was significant 
in group A. Strikingly, HECDC encapsulated at low densi-
ties (group A) had a significantly higher cell proliferation 
index than cells at a higher density (group B). This can 
probably be explained by the cluster organization of these 
cells, which may repress cell proliferation due to contact 
inhibition. Other studies with FAH also reported an initial 
decrease in cell proliferation followed by a steady increase 
(Carriel et al. 2015; Rodriguez et al. 2013). Our results 
show that NFAH supported HECDC proliferation when 
expansion medium was used. This strategy is potentially 
useful to avoid the need to expand cells under two-dimen-
sional culture conditions for prolonged periods. Although 
we used PCNA to evaluate cell proliferation, it is important 
to note that this protein has a longer life span than other 
proliferative markers such as Ki-67, and therefore our 
results may have been slightly overestimated.

With regard to cell attachment and migration, cells need 
to remodel their cytoskeleton in order to generate cyto-
plasmic protrusions, establish focal contact (attachment) 
and finally migrate through tissues or biomaterials. In this 
connection, cortactin acts as a regulatory protein that may 
coordinate the molecular components of the protrusive 
apparatus into a cohesive module (Ren et al. 2009). It was 
recently shown that cortactin is expressed by metabolically 
active and migrating mesenchymal stem cells cultured in 
FAH, but this expression decreased transitorily when these 
cells were immersed in multilayered NFAH (Carriel et al. 
2015). In this study, HECDC consistently showed increas-
ing expression of cortactin in both experimental groups, 
suggesting that these cells were able to remodel their 
cytoskeleton and were thus probably able to migrate into 
NFAH. In addition, encapsulated HECDC showed a steady 
increase in the positive reaction for human mitochondria, 
suggesting that these cells were metabolically active in 
NFAH ex vivo.

Elastic cartilage has a highly specialized ECM mainly 
composed of elastic fibers, collagen type II and large amounts 
of proteoglycans and aggrecan (Gentili and Cancedda 2009; 
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Kiani et al. 2002; Kreis and Vale 1999; Roughley 2006). In 
general, engineered elastic cartilage substitutes are kept under 
culture conditions for short periods and then tested subcutane-
ously in animal models (Chang et al. 2003; Garcia-Lopez et al. 
2015; Liao et al. 2015; Zhao et al. 2015). Unfortunately, ear-
lier studies did not demonstrate whether the elastic cartilage-
derived chondrocytes synthetized essential ECM molecules 
ex vivo, although a steady increase in some ECM molecules 
was seen after some weeks in vivo (Chang et al. 2003; Garcia-
Lopez et al. 2015; Liao et al. 2015; Zhao et al. 2015). In this 
connection, our results show that encapsulated HECDC have 
the capability to synthesize elastic and collagen type I and II 
fibers in NFAH. Elastic fibers and collagens were mainly pro-
duced by HECDC when they were encapsulated at higher cel-
lular densities (group B), and especially when the cells formed 
clusters. Although these cells synthetized ECM molecules, 
our semiquantitative analysis showed that these positive reac-
tions were not equivalent to the positive reactions observed in 
native control. Concerning the ECM composition of elastic 
cartilage, elastic fibers and collagen type II are characteristic 
components of this tissue (Gentili and Cancedda 2009; Kreis 
and Vale 1999; Mills 2012). Interestingly, some recent studies 
reported collagen type I expression in native elastic cartilage 
and in cultured elastic cartilage-derived chondrocytes (Pappa 
et al. 2014; Yanaga et al. 2012; Gentili and Cancedda 2009). 
However, collagen type I should not be considered a specific 
marker for elastic cartilage. The synthesis of the three main 
fibrillar ECM molecules of elastic cartilage by the HECDC 
in NFAH confirms that NFAH partially supported synthesis 
functions in these cells. Our results are consistent with previ-
ous studies in which FAH and NFAH supported the ex vivo 
synthesis of a range of ECM molecules by different types of 
cell (Carriel et al. 2012, 2015; Garzon et al. 2014b; Ionescu 
et al. 2011; San Martin et al. 2013).

Proteoglycans and aggrecan are essential molecules for 
normal function and nutrition in cartilage tissue (Kiani 
et al. 2002; Kreis and Vale 1999), although most proteo-
glycans can be found in different tissues and so are not 
specific to elastic cartilage. Alcian blue histochemical 
analysis revealed a weak reaction for these components in 
both experimental groups, in contrast to the intense reac-
tion in native control. The immunohistochemical analysis 
of aggrecan revealed that cluster-forming chondrocytes 
were able to synthesize this molecule in an extracellu-
lar pattern, albeit at a lower level than native controls. In 
contrast, the expression of versican and especially bigly-
can was more widely distributed than aggrecan, and both 
showed a mainly pericellular distribution in a pattern that 
was comparable to collagen type II. Biglycan is a small 
leucine-rich proteoglycan (SLRP) found in several tissues 
including cartilage (Kreis and Vale 1999). Biglycan is not 
related to aggrecan in the cartilage (Roughley 2006), but it 
closely interacts with fibrillar collagens (types I, II and III), 

and thus supports fibril–fibril interaction and extracellular 
collagen arrangement (Giachini et al. 2008; Kreis and Vale 
1999; Roughley 2006). Versican, which is present in sev-
eral tissues such as central nervous system, skin, blood ves-
sels and cartilage, can interact with collagens and/or aggre-
can (Matsumoto et al. 2006). Indeed, versican serves as a 
temporary framework for aggrecan and collagen organiza-
tion in developing cartilage (Matsumoto et al. 2006). In this 
connection, versican promotes cell proliferation, attach-
ment and migration in several tissues during development 
(Kreis and Vale 1999; Matsumoto et al. 2006; Wight 2002). 
Our finding of biglycan expression by HECDC in NFAH 
and its expression pattern, which was comparable to that 
of collagens, suggests that this proteoglycan can support 
ex vivo collagen fibril–fibril interaction and reorganiza-
tion in the NFAH. At the same time, versican may provide 
transitory support for aggrecan organization or collagen 
organization, but our results suggest that it is more closely 
associated with HECDC proliferation, attachment or even 
migration in NFAH ex vivo.

In conclusion, this study reports the successful testing of 
a method to encapsulate HECDC into thin biodegradable 
and natural fibrin-agarose hydrogels by using nanostruc-
turation techniques. From a biological standpoint, our his-
tological study suggests that nanostructured fibrin-agarose 
hydrogels are suitable biomaterials for cell encapsulation. 
Although HECDC partially lost their chondrogenic pheno-
type, these cells were able to proliferate, form cell clusters 
and synthesize different ECM molecules ex vivo without 
any chondrogenic medium. These preliminary results sug-
gest that tissue-like nanostructured fibrin-agarose hydrogels 
are potentially useful in elastic cartilage tissue engineering. 
However, further biomechanical characterization, cell dif-
ferentiation studies and preclinical in vivo studies are still 
needed to further test the potential use of these tissue-like 
constructs in elastic cartilage repair.
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